INTRODUCTION
Accounting for the biological contribution to the marine optical particle backscattering coefficient (b bp ) in the visible range is an area of active research ). An important application of this research is the construction of remote-sensing algorithms capable of detecting different types of phytoplankton from inherent optical properties such as b bp ). According to some scattering models, bacteria are the greatest contributors to b bp of all living organisms (Stramski & Kiefer 1991 , Stramski et al. 2001 . Relationships between chlorophyll a (chl a) concentration and b bp have been reported (Ulloa et al. 1994 , Morel & Maritorena 2001 , Huot et al. 2008 ; however, it has been hypothesized that the small nonliving particles that co-vary with phytoplankton (i.e. detritus), could be responsible for the 'missing' backscattering component (Stramski et al. 2001 . Another possibility is that the role of phytoplankton is underestimated in models based on ho mo gen eous spheres (Vaillancourt et al. 2004 , Bernard et al. 2009 ). The aim of this study was to explore the variation of b bp in relation to living organisms in the open ocean, ABSTRACT: Understanding the sources of the optical backscattering coefficient from particles (b bp ) aids interpretation of ocean colour measured from satellites. The hypothesis tested is that phytoplankton make a significant contribution to the b bp in the open ocean. Using phytoplankton pigment, flow cytometry and microscopy data, measured concurrently with in situ b bp in the central North Atlantic Ocean, we separated the phytoplankton signal from that of bacteria. Three distinct pelagic communities were detected, all associated with the sub-polar front. A significant percentage of variance in the b bp signal (r 2 = 0.68) was explained by phytoplankton between 2 and 20 μm in diameter (nanoeukaryotes). To further test the hypothesis, b bp was calculated using literature values of the backscattering properties and cell size of phytoplankton and flow-cytometric cell counts. In agreement with previous modelling studies, bacteria, due to their great abundance, dominate the biological b bp signal. However, the variations in b bp were related to changes in phytoplankton abundance (particularly of nanoeukaryotes), and the use of high backscattering efficiency factors per cell for nanoeukaryotes yielded computed values close to the observed b bp . We found no evidence that the detrital component played a significant role in b bp at this site. However, given the limited methods available to test this result, such lack of evidence is inconclusive. To be able to explain the remaining proportion of the variation in b bp , a significant methodological advance is required for the better quantification and characterisation of the organogenic detritus.
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Resale or republication not permitted without written consent of the publisher using a dataset in which the range in chl a is small, but the change of the pico-and nanoplankton community is high, such that their individual contribution to b bp can be discerned.
To aid in the understanding of bulk optical properties of the ocean, flow cytometry has been used for studies of the absorption coefficient (Perry & Porter 1989) . Other studies have combined flow cytometric counts of the marine pico-and nanoplankton communities with attenuation and scattering (Durand & Olson 1996 , Chung et al. 1998 , Claustre et al. 1999 , Green et al. 2003a , Oubelkheir et al. 2005 , Grob et al. 2007 , Montes-Hugo et al. 2009 ).
During July and August 2007, a cruise over the Mid-Atlantic Ridge (MAR), between 48 and 54°N, 25 and 40°W (ECOMAR cruise) provided an opportunity to sample an oceanic region where the biooptical parameters had not been previously studied. The MAR at these latitudes is interrupted by the Charlie Gibbs fracture, and the water mass circulation of the area is characterised by intense mesoscale activity (Read et al. 2010 ). This has ecological significance for higher trophic levels (Letessier et al. 2009 ). Some studies on water masses south of the MAR (e.g. north Sargasso Sea), have reported that non-photosynthetic bacteria in those waters contain the same amount of carbon as the prochlorophytes and photosynthetic eukaryotes combined (Li et al. 1992 , Li & Harrison 2001 , Li 2002 .
The work presented here consists of 2 parts. The first is a description of the abundance and distribution of biological and bio-optical properties of the area in their environmental context. Phytoplankton and bacterial distributions were studied using pigments, flow cytometry and microscopy. The biological observations characterised 3 different ecosystems that had contrasting b bp . Measurements of the main variable of interest in this study (viz. b bp ) are accompanied by concurrent data on particulate absorption, whose detrital fraction is used as a proxy for detritus abundance. The second part of the paper is a biooptical analysis of the relationship between b bp and the abundance of phytoplankton, bacteria and detrital matter. Empirical relationships between particle abundance and b bp provide insight into the effect of the biotic size-structure on variations in b bp . A simplified budget for b bp , calculated using in situ abundances of each compartment, backscattering efficiency factors (Q bbp ) and nominal sizes of particles from the literature, is compared to measured b bp . This exercise gives us insight into the biological causes of the variations in b bp , beyond the relationship with chl a.
MATERIALS AND METHODS
Between 13 July and 18 August 2007, the area of the MAR around the Charlie Gibbs Fracture Zone (CGFZ) was surveyed from the RRS 'James Cook'. Optical casts (N = 23) were carried out in parallel with discrete water samples taken from a CTD rosette (± 30 min difference between water sampling and optical sampling). Mixed-layer depth was defined using the sigma-t profiles as the depth where there was a difference of 0.125 kg m −3 from the surface density (Levitus 1982) . The water samples were collected for the characterisation of particulate matter present, and were related to the b bp from in-water optical measurements.
Phytoplankton pigments, microscopic counts and flow-cytometric measurements
Water was collected at from 3 to 6 depths using Niskin bottles on the CTD rosette. Water collected was filtered (1 to 4 l per sample) for HPLC pigment analysis and particulate absorption measurements. A portion was preserved for flow cytometric studies and microscopy counts. Samples for pigment and particulate absorption measurements were filtered onto 25 mm GF/F filters, flash-frozen and kept at -80°C until further analysis, which was carried out within 3 mo of collection. Analysis of phytoplankton pigments was carried out following the method of Barlow et al. (1997) , adapted for the Agilent 110 series HPLC. A C 8 column was used in combination with a methanol-based binary solvent system following a linear gradient. The method provides good resolution with a run time of 32 min, excluding a postrun time of 7 min prior to the next injection. An internal standard, apo-8'-carotenal, was used in the extraction solvent to help improve the accuracy of the analysis. The separation of divinyl chl a and of the carotenoids zeaxanthin and lutein, is achieved, but α and β-carotenes and chl c 1 and c 2 are not separated by this method.
Analytical flow cytometric (AFC) samples were fixed with pre-filtered (0.1 μm) gluteraldehyde to a final concentration of 1%. Samples with gluteraldehyde were then left for at least 1 h at 4°C in the dark and then flash-frozen in liquid N and stored at -80°C until analysis. Analysis was carried out using Becton Dickinson FACSort and Coulter FACScan flow cytometers, and the flow rate was monitored regularly using fluorescent polystyrene beads (Tarran et al. 2001 , Tarran et al. 2006 . The following planktonic groups were quantified in the samples: heterotrophic bacteria, Prochlorococcus spp., Synechococcus spp., picoeukaryotic phytoplankton, nanophytoplankton, cryptophytes and coccolithophores. Heterotrophic bacteria were analysed using a DNA dye (SYBR Green 1) to produce a fluorescent signal (Zubkov et al. 2000) . Bacteria were enumerated separately as high-nucleic-acid-containing and low-nucleic-acidcontaining cells, and the bacteria counts presented are the sum of these 2 types. Coccolithophorid abundances were insignificant throughout the cruise, and are not reported here. Flow-cytometric counts were triggered by fluorescence rather than by side-scattering, such that only fluorescent particles (photosynthetic or stained bacteria) were counted, and not the whole particle population. Seawater samples of 50 ml were collected for microscopic floristic studies and preserved in gluteraldehyde to a final concentration of 1% and kept in the dark at 4°C until analysis. To calculate abundances of dinoflagellates and diatoms with a diameter greater than 20 μm, 9 samples from 30 m depth, collected in different locations, were analysed. These samples were recovered after the microscopy examination, so that a full floristic study can be made in the future.
Detrital particulate absorption
Following the method of Tassan & Ferrari (1995) , particulate absorption coefficients of total particulate (a p ) and non-algal particles (a NAP ) retained on 25 mm GF/F filters were measured. This measurement was made before and after pigment extraction using NaClO 1% active chloride from 350 to 750 nm at a 1 nm bandwidth on a dual-beam Perkin-Elmer Lambda-900 spectrophotometer retro-fitted with a spectralon-coated integrating sphere. The spectrophotometer is calibrated annually using Holmium Oxide filters. Correction for pathlength amplification on the filters followed Tassan & Ferrari (1995) on both the particulate and detrital fractions.
Optical backscattering coefficient
For optical measurements of the total backscattering coefficient, a Wetlabs BB3 was used. Upcast data on β(117), the volume scattering coefficient at 117°, were selected; data reduction included median filtering and binning to 0.5 m intervals. Computation of the particle backscattering coefficient (b bp ) was achieved by subtracting the pure seawater scattering (β sw (117)) from β(117) to obtain β p (117), the particle volume scattering coefficient at 117°. b bp is estimated using a factor χ p (117) following Twardowski et al. (2007) :
where χ p (117) was assumed to be 0.90 (Sullivan et al. 2005) . Because of the short pathlength of the instrument, the correction for absorption and attenuation was considered negligible and therefore not applied to the data. Calibration of the instrument was performed by the manufacturer prior to the cruise. Following Twardowski et al. (2007) , no dark-offset measurements were performed during the cruise and it was assumed that there was no significant instrument drift. We chose for this study a wavelength centred around 532 nm, to avoid any possible interference from absorption or fluorescence.
Conceptual model
The objective of this study was to assess the contributions of living organisms to the magnitude of b bp . Although bubbles are known to contribute significantly to b bp (Zhang et al. 1998 ), their role is not studied here. The contributions of living particles to b bp can be represented in the following simplified budget:
where C pi is the concentration (in cells m −3
) for each type of living particle i, viz. bacteria, Prochlorococcus spp., Synechococcus spp., picoeukaryotes, nanoeuka ryotes, coccolithophorids, dinoflagellates and diatoms. The backscattering cross-section (in m 2 ) of a single particle of the i th component (σ bbpi ) is the product of the mean geometric cross-section of the particle (S i in m 2 cell −1
) and the efficiency factor for backscattering (Q bbpi , dimensionless) of the particle i. Then, b bpi is computed as:
RESULTS

Environment, plankton distribution and bio-optical properties
During the ECOMAR cruise we found a high surface temperature gradient (Fig. 1a) . We used this front to delimit 3 areas. South of the front, the surface waters were warmer (~15.5°C) and more saline
(~35.6 psu). Across the sub-polar front, the average surface temperature was ~13.4°C and salinity 35.0 psu, with cold water found at shallow depths (7°C at 40 m). The average surface temperature north of the front was 10.5°C. The mean mixed-layer depth in the south was 43 ± 7 m (6 casts). Over the front, the mixed layer became shallower (23 ± 10 m, 7 casts). The front area was sampled following the TOPEXPoseidon track and, for consistency with previous studies (Read et al. 2010, Fig. 1b) , will hereinafter be referred to as the 'TOPEX transect'. To the north, the mixed layer was deeper (41 ± 8 m, 10 casts). The differences in terms of T, S and mixed layer depth define 3 environments where we expected differences in the structure of the phytoplankton community and the bio-optical properties. Therefore our data are grouped according to 3 areas: the South, the TOPEX transect (front) and the North.
Pigments and counts of phytoplankton and bacteria
Phytoplankton pigment analysis showed that nearsurface chl a was <1 mg m −3 for most of the cruise, suggesting mesotrophic conditions (Fig. 2) . Chl a in the North area ( . In the South area, chl a values measured < 0.4 mg m −3 throughout the water column ( Fig. 2e) , with maxima at around 50 m. Overall, the 3 areas had significantly different chl a levels: the South area had the lowest levels, and the TOPEX transect, across the sub-polar front, had the highest (ANOVA, N = 79, F = 14.3, p < 0.0001).
Marker HPLC pigments were used to describe the composition and distribution of the phytoplankton community. Significant concentrations of divinyl chl a at stations in the South area indicated the presence of prochlorophytes (data not shown). This pigment was absent in the TOPEX and North areas. Fucoxanthin, a marker for diatoms (and some flagellates), and peridinin, a marker for dinoflagellates, were both present along the TOPEX transect and in the North area ( , but its maxima generally did not match the chl a maxima. Peridinin concentration was highest along the TOPEX transect (ANOVA with N = 38, F = 8.7, p < 0.001) and relatively low in the other 2 areas.
Average microscope and flow cytometry counts near the surface (z < 40 m) are summarized in Table 1 . Microscope counts confirmed the patterns seen in the pigment data: the greatest abundance of dinoflagellates and diatoms was found along the TOPEX transect, intermediate abundances were found in the North area and the lowest in the South. Flow cytometry indicated that bacterial abundance was not significantly different from one area to another. Prochlorococcus spp. were found only in the South and Synechococcus spp. abundance was highest at these stations (up to twice the abundance of the North or TOPEX; ANOVA, with N = 44, F = 46.7, p < 0.001). Picoeukaryote abundances were not significantly different from the abundances in the TOPEX area, but were significantly lower than in the North (ANOVA, with N = 44, F = 3.9, p < 0.05). Larger phytoplankton (cryptophytes and nanoeukaryotes) abundance was lowest in the South area. Nanoeukaryote abundance was highest in the North, whereas cryptophyte abundance was highest along the TOPEX transect.
For the whole dataset (all stations, z < 100 m), the abundance of pico-and nanoplankton correlated positively with chl a concentration. Only Synechococcus spp. and Prochlorococcus spp. were uncorrelated with chl a. Almost half the variation in chl a (r 2 = 0.4, N = 72, F = 24, p < 0.001) could be explained by nanoplankton and cryptophyte abundances.
The pattern emerging from pigment analysis, microscopy counts and flow cytometry demonstrates the existence in our study area of 3 different ecosystems related to a prominent physical structure (i.e. the front). The South area had the lowest chl a concentrations and the smallest phytoplankton; the TOPEX transect, across the sub-polar front, had the highest chl a concentrations, with the largest cells; and the North area had intermediate-sized phytoplankton. Across these areas, although the range of chl a levels was relatively small, a high diversity of phytoplankton assemblages was recorded, with stable numbers of heterotrophic bacteria. Other sources of particulate matter were investigated using biooptical measurements. The concentration of detrital particles is inferred from measurements of absorption by non-algal particles at 440 nm, a NAP (440). The mean a NAP (440) for all data was 0.0030 m −1 (z < 100 m, N = 84, SD = 0.0024). Between South and North, a NAP (440) was not significantly different, and it was lower in both these areas than along the TOPEX transect area (ANOVA, with N = 83, F = 5.2, p < 0.01). The detrital fraction of the total particulate absorption (a NAP :a p ) can be considered as an indicator of the relative importance of detrital particles (Stramski et al. 2001 ). This fraction varied from 1.2 to 41%, with a median of 10%, and decreased with increasing chl a levels (Fig. 3) . This would indicate that changes in detritus contribution to the particulate pool in this area are not independent of biological activity. a NAP (440) is used as an estimate of the amount of detritus and minerals in the relationship with b bp, presented hereinafter.
Particle backscattering coefficient b bp decreased with increasing depth for all areas (Fig. 4) . For surface data (z < 40m), the overall mean was 0.0022 ± 0.0010 m −1 (N = 32, coincident with water samples). The variation between areas indicates that b bp (532) was significantly lower in the South than along the TOPEX transect or in the North (ANOVA, N = 32, F = 20.9, p < 0.0001). The intra-area variability in b bp (532), expressed as the coefficient of variation (CV, 100 × SD/mean), was highest (29%) for stations along the TOPEX transect and lowest (11%) in the South area.
Relationship between b bp and particles
The variation in b bp (532) as a function of chl a is examined in Fig. 5a (N = 49, z < 100 m). The mean specific backscattering coefficient with respect to chl a (b* bp,chl a (532)) was 0.005 m 2 (mg chl a) ; ANOVA for the 3 areas, z < 40 m, N = 29, F = 38.0, p < 0.0001). To verify the cause of these differences in b* bp,chl a within the study area, we used empirical relationships and constructed a budget for b bp .
Empirical relationships between the backscattering coefficient and different types of particles are presented in Fig. 5b−d and Fig. 6 . It may be hypothesized that the presence of small detrital particles (including minerals), may increase b bp in the South or North areas relative to the TOPEX (frontal) area. However, this hypothesis is not supported by our 
where i is nanoeukaryotes, r 2 = 0.68, N = 50, F = 104, p < 0.0001. Adding the abundance of cryptophytes to this regression increased the explained variance to 70% for all data (Table 2) . It is worth noting that the relationship between in situ b bp and in situ bacterial abundance over the whole dataset was very weak (r 2 = 0.1, N = 44, p = 0.02). For the same points, the relationship in Eq. (4) gives r 2 = 0.66 (N = 44, p < 0.0001). The capacity of various components of the particle assemblage to predict b bp in each area was then tested. Table 2 shows the regression statistics only for the most significant relationships in each area. In the South, bacterial abundance alone served to explain 91% of the variability in b bp (532). By contrast, along the TOPEX transect, picoeukaryotes alone served to explain 61% of the variation in b bp (Table 2) , and nanoeukaryotes alone ex - ) and Mean Absolute Percent Error (MAPE) = 4.6%. Thick line is regression computed using model of Huot et al. (2008) Table 2 ). In the North, nano eukaryote abundance was the best descriptor of variations in b bp . These shifts in correlation between b bp and plankton types for the different areas illustrate how subtle changes in the composition of the plankton community can influence the backscattering signal (Fig. 6 ). The slopes of the regressions in Table 2 should not be interpreted strictly as estimates of backscattering cross-section (σ bbpi ) because some of the plankton groups were highly correlated with each other. The σ bbpi derived in this way may therefore overestimate the contribution of each phytoplankton component to b bp . Regardless of the inefficiency of this approach in deriving realistic σ bbpi for living organisms, the relationship of b bp with living organisms in this study is stronger than with the proxy for biogenic detritus (i.e. a NAP ).
Budget for b bp
To further explore the role of different types of living particles in determining the variability of b bp we computed b bp by combining in situ data on cell counts (C pi ) with culture-based measurements of size Hymenomonas elongata Ahn et al. (1992) (Vaillancourt et al. 2004) , except for Synechococcus spp. values, which were derived from measurements of a freshwater species (S. elongatus), and for Prochlorococcus spp. values, which were not measured by Vaillancourt et al. (2004) . In those cases we used values from Ahn et al. (1992) and Morel et al. (1993) respectively. Mean microscopy counts for diatoms and dinoflagellates were used for microphytoplankton for each area. Note that there is a mismatch between the size of the diatoms counted (d > 20 μm) and the size of diatom species on which the values in Table 3 are based, which were smaller. We then evaluated the capacity of the reference calculation of b bp (x-axis, Fig. 7 ) to explain the variations of in situ b bp data (yaxis, Fig. 7) . Because of the need to have coincident counts and b bp , the dataset was reduced to N = 44 (z ≤ 100 m). The reference b bp suffices to explain 55% of the variation of the in situ data, with a linear regression of slope 0.7 m 2 particle -1
, and intercept at 5 × 10 −4 m −1 (p < 0.01). We also used 2 indicators of (532) Despite not being able to reproduce all the variability observed in b bp , we use here the reference b bp calculated to interpret the contribution of each organism to b bp . This contribution was computed as the percentage of the contribution to b bp by each particle type (i.e. b bpi /b bp × 100) for each of the 44 points used. We report the average percentages calculated for all data taken together and separated by area (Fig. 8) .
For all data, bacteria were the most important contributors to b bp (with an average of 56%), followed by nanoeukaryotes (33%) and dinoflagellates (6%). These contributions varied by area: in the South, where conditions were more oligotrophic, bacteria dominated the b bp . In the North, at intermediate chl a concentrations out of the front, nanoeukaryotes were the most important, and along the TOPEX transect, across the very productive front, dinoflagellates appeared to have a greater role.
In these calculations, the only value that changed between areas was the abundance of each plankton type (C pi ), which was measured in situ; Q bbpi and d i were kept constant for all areas. This highlights the fact that the estimated changes in the contribution to b bp were determined solely by changes in abundances of each component. As mentioned in 'Pigments and counts', above, bacterial abundances were not significantly different from area to area, but the abundances of nanoeukaryotes and dinoflagellates changed in the TOPEX and North areas relative to the South. According to this budget, the changes in nanoeukaryote and dinoflagellate abundance were responsible for the observed changes in b bp , with bacteria providing a high, almost constant background contribution to the particle backscattering coefficient.
.
Sensitivity analysis
In order to support our choice of reference Q bbpi and d i values, we performed a sensitivity analyis. Maximum Q bbpi and d i values (from Tables 3 & 4) were combined for each organism type to produce the maximum backscattering cross-section, σ bbp , for each type of organism. Minimum Q bbpi and d i were used similarly to produce the minimum σ bbpi . The backscattering cross-section was varied within this range for each type of organism in turn, leaving the rest with the σ bbpi used in the reference calculation. The abundances (C pi ) were left unchanged (i.e. the measured values were used for each of the 44 points) as in the reference b bp (Fig. 9) , and σ bbpi and C pi were then used to compute b bp . The effect of the change in σ bbpi was assessed using statistics of the fit between in situ and modelled b bp : slope, intercept, r 2 , median percentage difference and mean of percentile range, with results presented in Fig. 9 . For comparison, the statistics of the reference b bp are shown in Fig. 9 . The first conclusion is that the values chosen for the reference b bp minimize the error statistics on the fit with in situ b bp .
However, the most salient feature is the large effect of σ bbpi for nanoeukaryotes and bacteria. This is due to their important contribution to b bp (Fig. 8) , which in turn, is related to their C pi (Table 1) . Dinoflagellates and diatoms have C pi similar to nanoeukaryotes, yet their impact in the statistics of the sensitivity analysis is reduced. This is likely due to the use of average values of C pi for each region.
Effect of Q bbp on b bp
Given the high impact of nanoeukaryotes and bacteria on b bp in our dataset, we attempted to simplify our model of the backscattering coefficient by considering only those 2 components and change the Q bbp simultaneously, based on 2 sets of values reported in the literature (Table 4) first using only nanoeukaryotes or bacteria, then using both of these and regressing them against measured b bp (Fig. 10) . Using only nanoeukaryotes, we obtained a slope of 15 for lower Q bbpi (Fig. 10a ) and a slope of 1.1 for higher Q bbpi (Fig. 10b) . Bacteria on their own did not serve to explain much of the variability in b bp for either maximum or minimum values of Q bbpi (Figs 10c,d ). Using Q bbpi low for bacteria in combination with Q bbpi high for nanoeukaryotes yielded the best explanation of in situ b bp (Fig. 10e,f) . The latter result was similar to the reference simulation (Fig. 7 ), indicating that it is possible to reproduce a large fraction of the observed variability in our b bp data by considering nanoeukaryotes and bacteria only.
DISCUSSION
This study, which complements previous studies in neighbouring regions (Li et al. 1992 , Li & Harrison 2001 , Li 2002 , is the first to characterise pico-and nanophytoplankton communities in the area of the MAR around the Charlie Gibbs Fracture Zone. At this location, in the summer , we found a thermal front with enhanced biological activity, which enabled us to distinguish 2 different biological communities with bio-optical effects on a NAP and b bp . The ratio a NAP :a p decreased with increasing chl a levels (Fig. 3) , following a similar trend to what has been found in the Sargasso Sea and Peruvian upwelling for biogenically produced detritus (see e.g. Fig. 18 in Bricaud & Stramski 1990) . This concurs with the low estimates (5 to 10 g m −2 yr −1 ), from satellite imagery and sediment traps, of aeolian mineral deposition in the area (Mahowald et al. 2005 , Maher et al. 2010 . These provide indirect evidence of a principally biogenic detritus contribution to the particulate detritus in the area.
We found that the relationship between b bp and chl a agreed with relationships found in other studies that use larger datasets (Huot et al. 2008, Fig. 6a Intercept of regression Theoretical predictions suggest that bacteria are the principal living contributors to the backscattering coefficient (Stramski et al. 2001) , consistent with our findings that bacteria are, on average, responsible for 50% of the b bp . However, bacteria are not the main cause of the variation in the backscattering coefficient in this area, as indicated by the weak relationship between in situ b bp and in situ bacterial abundance over the whole dataset (r 2 = 0.1, N = 44, p = 0.02). Instead, any increase of in situ b bp was related to an increase in nanoeukaryote abundance, which explained a large fraction (almost 70%) of the variance in b bp .
Using the b bp budget, we were able to separate the effects of the abundance and backscattering crosssections of each organism. Whilst bacterial abundance was similar across the study area, and contributed to a large fraction of the total b bp measured, the variations in calculated b bp were caused by an increase in nanoeukaryote and dinoflagellate abundance (Fig. 8) . Thus, for a given level of chl a, the increased abundance of a particular phytoplankton type will determine the b bp associated with it. This could have implications for satellite detection of phytoplankton types. For example, methods have been proposed to relate absorption spectra or chlorophyll concentration to phytoplankton community structure , Devred et al. 2011 , Hirata et al. 2011 . Whitmire et al. (2010) have proposed that field backscattering-to-chlorophyll ratios may be subject to variations of up to 30% due to the mix of phytoplankton types. Our results suggest that the large variations observed in the relationship between chl a and b bp (Antoine et al. 2011 ) may be related to local variations in abundance of a particular phytoplankton group, and hence b bp determined from satellite imagery could provide additional constraints on existing models of phytoplankton functional types.
We are aware that a number of issues could affect the interpretation of our results. One is the potential under-representation of the particle pool, e.g. by ignoring the contribution of bubbles, mis-representing the organogenic detritus fraction by using a NAP and using a small sample to characterise the abundance of microphytoplankton (Fig. 5c,d ). Another problem might be the sensitivity of the results to choice of σ bbpi (Fig. 9) . In addition to the considerations above, the inherent simplicity of the approach used here, where we have assumed mean sizes (d i ) and Q bbpi for each particle type, may also result in underestimations in the b bp budget. However, in the absence of data on size variation, it is not possible to quantify any such effects, if present. A possibility for future studies would be to do separate counts on samples filtered through different pore-sizes, to permit better sizing of the organisms. Additionally, using the side-scattering signal from flow cytometry as an approximation of σ bbpi might help with limiting uncertainties in in situ characterisation of Q bbpi and size. Ideally, particle size distribution changes should be included in the budget construction, in an approach similar to that of Green et al. (2003a,b) .
CONCLUSIONS
Coincident b bp and plankton counts were made in a remote area of the central North Atlantic, where a frontal zone provided different habitats for significantly different plankton communities. Bacteria accounted for the greatest contribution to b bp , but the variation in this coefficient was related to changes in phytoplankton abundance (nanoeukaryotes). This result is affected by backscattering efficiency factors and particle size, as well as abundance, as shown through sensitivity analysis. Relatively large back scattering efficiency values for nanoeukaryotes were required to reproduce measured b bp . We found no supporting evidence that the detrital component played a significant role in b bp at this site, although this is inconclusive, given the limited methods available to test this result. A significant methodological advance is required to better quantify and characterise the organogenic detritus, before the remaining proportion of the variation in b bp can be explained. 
